Water oxidation has long been a challenge in artificial photosynthetic devices that convert solar energy into fuels. Water-splitting dye-sensitized photoelectrochemical cells (WS-DSPECs) provide a modular approach for integrating light-harvesting molecules with water-oxidation catalysts on metal-oxide electrodes. Despite recent progress in improving the efficiency of these devices by introducing good molecular water-oxidation catalysts, WS-DSPECs have poor stability, owing to the oxidation of molecular components at very positive electrode potentials. Here we demonstrate that a solid-state dye-sensitized solar cell (ss-DSSC) can be used as a buried junction for stable photoelectrochemical water splitting. A thin protecting layer of TiO 2 grown by atomic layer deposition (ALD) stabilizes the operation of the photoanode in aqueous solution, although as a solar cell there is a performance loss due to increased series resistance after the coating. With an electrodeposited iridium oxide layer, a photocurrent density of 1.43 mA cm −2 was observed in 0.1 M pH 6.7 phosphate solution at 1.23 V versus reversible hydrogen electrode, with good stability over 1 h. We measured an incident photon-to-current efficiency of 22% at 540 nm and a Faradaic efficiency of 43% for oxygen evolution. While the potential profile of the catalyst layer suggested otherwise, we confirmed the formation of a buried junction in the asprepared photoelectrode. The buried junction design of ss-DSSs adds to our understanding of semiconductor-electrocatalyst junction behaviors in the presence of a poor semiconducting material.
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water oxidation | dye-sensitized photoelectrochemical cell | solid-state dye-sensitized solar cell | artificial photosynthesis | dual working electrode A rtificial photosynthesis mimics the natural processes of converting solar energy, water, and CO 2 into chemical fuels. One of the key steps involved in artificial photosynthesis is water oxidation, in which an oxygen molecule is generated by the fourelectron oxidation of two water molecules. This process is kinetically demanding and occurs at positive potentials where undesired side reactions lead to the oxidation of molecular components in both artificial and natural photosynthetic systems.
Water-splitting dye-sensitized photoelectrochemical cells (WSDSPECs) are artificial photosynthetic devices that exemplify this problem (1, 2) . In the WS-DSPEC, a high surface area electrode based on a metal oxide, typically a mesoporous TiO 2 or SnO 2 film that is several micrometers thick, adsorbs a monolayer of dye molecules for light harvesting. Coupling these dye molecules with water-oxidation catalysts enables light-driven water oxidation in a manner analogous to Photosystem II. Although early versions of these cells were inefficient (3), the introduction of molecular wateroxidation catalysts (4) and the use of core-shell electrode architectures has significantly improved the quantum yield for water splitting (5-7). However, despite these improvements WS-DSPECs generally suffer from poor stability, with substantial photocurrent decay within minutes. The problem is primarily due to dye and catalyst decomposition and desorption (8, 9) . When in contact with water, the anchoring groups of the dye and catalyst molecules attached to the metal-oxide surface (typically phosphonate groups) are susceptible to both oxidation and hydrolysis (10, 11) . Dye desorption is accelerated at elevated pH (pH > 5). Increasing the pH also lowers the electron injection yield, because the conduction band edge potential of the metal oxide shifts in the cathodic direction by about 60 mV per pH unit (12) , making electron transfer from the photoexcited dye to the metal oxide less favorable. The water-oxidation reaction, however, is more thermodynamically favorable at higher pH. Operating WS-DSPECs in a more basic environment can produce more photocurrent if molecular desorption is suppressed and a high electron injection yield is maintained at the same time. This can be achieved, in principle, by decoupling the light absorption and water-oxidation reactions in WS-DSPECs, so that each process take places in a favorable local environment.
One strategy for overcoming these difficulties is to create a "mummy" electrode architecture in which the sensitizer molecules are encapsulated by a nanometer-thick metal-oxide film prepared by atomic layer deposition (ALD) (13, 14) . Although stabilized photocurrents are attained by this technique, the electron injection yield from the sensitizer to the metal oxide is significantly reduced due to concurrent charge injection into the protecting layer. An alternative approach, which we explore here, is to interpose a solid-state hole conductor between the dye and the water-oxidation catalyst. This strategy exploits the architecture of the solid-state dye-sensitized solar cell (ss-DSSC), which is adapted to water splitting with five key components ( Fig. 1) : (i) a
Significance
Artificial photosynthetic systems use molecular light absorbers to convert sunlight into useful chemical fuels such as hydrogen, methanol, or ammonia. A key bottleneck in these systems is the oxidation of water to produce O 2 . This anodic reaction occurs under strongly oxidizing conditions that result in damage to organic dyes, electron relays, and catalyst molecules. Here we show that encapsulation of the molecular components of a solidstate dye-sensitized solar cell by a 2-nm-thick coating of TiO 2 dramatically improves cell stability under water-splitting conditions. The physical separation of the dye from the solution in which the water-splitting reaction takes place enables the use of dyes that efficiently absorb in the visible and allows optimization of the pH of catalytic water oxidation. transparent conductive substrate, (ii) a mesoporous metal-oxide thin film, (iii) a monolayer of sensitizer molecules, (iv) a solidstate hole-transport material, and (v) a top metal contact (15) . ssDSSCs of high efficiency and high stability have been reported (16) . However, the ss-DSSC is intrinsically vulnerable to water because the spin-coated hole-transport layer and the deposited top contact are not pinhole-free and are water permeable (17) . Oxidized hole-transport molecules may also dissolve in water. These problems can be resolved by using an ALD-grown metal oxide as a conformal coating over the photoanode, a technique that has been widely used to improve the stability of semiconductor photoanodes in harsh environments (18) . For example, in either strongly acid or basic environments, Si photoanodes protected by ALD-TiO 2 films can operate stably under water oxidation conditions for at least 8 h, whereas the same photoelectrodes without the TiO 2 layer quickly fail (19) .
Here we explore the adaptation of the ss-DSSC as a buried photovoltaic (PV) junction for use in WS-DSPECs. (Fig. 2) We used ALD to coat a 2-nm-thin layer of TiO 2 on the top contact (Au) to protect the ss-DSSC against oxidation and hydrolysis reactions in water. Although the ALD coating introduces series resistance that lowers the photocurrent in air, ss-DSSCs show enhanced stability in contact with the aqueous environment. We further electrodeposited an iridium oxide film on the Au layer as a water-oxidation catalyst. The as-prepared electrode yields relatively high photocurrent and good stability toward water oxidation. Using the Au contact of the ss-DSSCs as a second working electrode, we are able to monitor the potential drop across the catalyst layer. We find that the as-prepared electrode functions as a buried junction, because under conditions of water oxidation, the buried ss-DSSC shows the same current-voltage profile as the corresponding twoelectrode PV cell. Using this buried junction strategy, we make water oxidation possible with N3 dye molecules, which possess a lower oxidizing potential than commonly used phosphonate-based Ru polypyridyl sensitizers. This demonstrates that dye molecules with unfavorable redox properties toward water oxidation can be effectively utilized in buried junction WS-DSPECs. After cooling to room temperature, a mesoporous TiO 2 film was doctorbladed onto the compact layer by using a 20-nm TiO 2 nanoparticle paste prepared by a previously reported method (20 -octakis(4-methoxyphenyl)-9,9′-spirobi[9H-fluorene]-2,2′,7,7′-tetramine) was deposited onto the dye-sensitized films. The spiro-OMeTAD solution was prepared by dissolving 130 mg of spiro-OMeTAD (99%; Aldrich) in 1 mL chlorobenzene (99.8%; Sigma-Aldrich), together with additives including 20 μL of 4-tert-butylpyridine (96%; Aldrich) and 40 μL of a 170 mM lithium bis(trifluoromethane)sulfonamide (Li-TFSI, 99.95%; Aldrich) stock solution in acetonitrile. The as-prepared solutions were filtered through a syringe filter with a pore size of 0.22 μm to remove undissolved particles before use. Spiro-OMeTAD solution (20 μL) was applied to each electrode under ambient conditions and the samples were left to dry for 1 min before spin-coating at 2,000 rpm for 30 s. Finally, a 100 nm thick Au was deposited onto the spiro-OMeTAD layer in an electron-beam evaporator (Kurt J. Lesker Lab-18), forming the complete solid-state PV device. For the fabrication of cells for use in contact with water, a 2-nm-thick TiO 2 film was deposited onto the gold surface at 75°C by ALD (Cambridge Savannah 200) with tetrakis(dimethylamino)titanium(IV) (99% Strem Chemicals) as the Ti precursor. The growth rate of the TiO 2 film under these conditions was 0.8 Å per cycle, as determined by ellipsometry on Si wafers.
Electrodeposition of Iridium Oxide Films. A hydroxyiridate monomer solution was synthesized by alkaline hydrolysis of K 2 IrO 6 , as described in our previous papers (21, 22) . Using the Au layer of the ss-DSSC as the working electrode, we deposited hydrous iridium oxide thin films on the Au surface from 0.4 mM hydroxyiridate(III/IV) solutions at an applied potential of 1.2 V versus Ag/AgCl (3 M NaCl) for 400 s. A home-built mechanical stirrer was used during the electrodeposition process. The thickness of the deposited film was characterized by a field-emission scanning electron microscope (Zeiss Sigma) to be about 75 nm.
Photoelectrochemical Measurements. The light source for simulating sunlight was a 150-W xenon lamp equipped with a 410-nm long-pass filter and an AM1.5 filter. The intensity of the light incident on the FTO side of the cells was 100 mW cm ). All photoelectrochemical data were recorded on a digital potentiostat (PGSTAT128N, Autolab). The photocurrent measurements in three-electrode configuration were performed in a glass cell (96G20; FireflySci) with a Pt wire as the counter electrode and Ag/ AgCl (3 M NaCl) as the reference electrode. The counter electrode was located in a separate compartment. The electrolyte was 0.1 M potassium phosphate buffer solution (pH 6.7) with 0.1 M NaClO 4 added as the supporting electrolyte. Before each measurement, the electrolyte was deaerated by purging with . Incident photon-to-current conversion efficiency (IPCE) spectra were collected with a 500-W xenon lamp and a monochromator (Spectral Products CM110). The data were taken in 10-nm increments and the light intensity at each wavelength was measured by a Si photodiode (S130C; Thorlabs). Photocurrent data were recorded at 0.62 V vs. Ag/AgCl using the same three-electrode setup described above.
Generator-Collector O 2 Detection. A generator-collector method was used for O 2 detection as described elsewhere (23) . Briefly, experiments were performed in bipotentiostat mode with two working electrodes: a Pt wire as the counter electrode and a Ag/AgCl electrode as the reference electrode. One working electrode (the generator) was the FTO contact of the photoanode; the other one (the collector) was a planar Pt electrode made by sputtering a 50-nm-thick Pt film onto an FTO glass substrate (with an adhesion layer of 5-nm Ti). The collector was masked with Kapton tape to create an active area of about 1.5 cm 2 . The generator-collector electrode pair was assembled by placing the two working electrodes face-to-face with the iridium oxide layer facing the Pt electrode. A piece of a 1 mm-thick glass slide was inserted between the lateral edges as a spacer and a plastic paraffin film was wrapped around the long side of the two electrodes. The space between the two working electrodes was filled with electrolyte by capillary action when the assembly was placed in solution. A 470-nm LED light of 19.4 mW cm −2 was used as the light source. To measure the Faradaic efficiency for O 2 production, the generator and collector were held at 0.62 V and −0.3V vs. Ag/AgCl, respectively. The charge passing through the generator under illumination was compared with the total charge through the collector electrode. The Faradaic efficiency was calculated by comparison with the collection efficiency determined in the same fashion using an iridium oxide-deposited FTO as the generator, held at 1.12 V vs. Ag/AgCl, which was assumed to have a Faradaic efficiency of unity. The experiment was performed in 0.1 M phosphate buffer at pH 6.7 with 0.1 M NaClO 4 . In some of our previously reported generator-collector measurements (24), the collector appeared to respond instantaneously upon generation of photocurrent, showing a current mirroring effect in the current-time profile. We note that this is an artifact due to the capacitive interference between the generator and collector electrodes, which can be minimized by increasing the ionic strength of the electrolyte, as pointed out by Sherman et al. (23) When measurements are made at sufficiently high electrolyte concentration, the time lag in the collector current reflects the time needed for oxygen to diffuse from the generator to the collector electrode.
Results and Discussion
Preparation of ss-DSSCs. The cross-sectional structure of an asprepared ss-DSSC is shown in Fig. 2 . The performance of the ssDSSCs was found to increase over time after fabrication, reaching a maximum after 5 d (SI Appendix, Fig. S1 ), which can be attributed to partial air oxidation of the spiro-OMeTAD hole conductor (25) . Fig. 3A (line 1) shows typical current density-voltage (J-V) curves of an ss-DSSC, and the corresponding PV properties are summarized in SI Appendix, Table S1 . The short-circuit current density (J sc ) and open-circuit voltage (V oc ) for the ss-DSSCs are 3.29 mA cm −2 and 712 mV, respectively, which is comparable with other N3-sensitized solar cells (26) . However, the power conversion efficiency of ss-DSSCs made in our laboratory was only 0.76% due to a low fill factor (0.32); in principle, a significant performance improvement in fill factor can be achieved by introducing p-type dopants into the hole-transport layer (27) .
When the pristine ss-DSSC was soaked in an aqueous solution, the cell performance dropped dramatically, as shown in Fig. 3A  (line 2) . Decolorization of the ss-DSSC was observed during the measurement, which indicates that water penetrates through the Au layer and the spiro-OMeTAD layer. At pH 6.7, the carboxylate anchoring group of the N3 dye molecules easily desorbs from the TiO 2 surface because of hydrolysis of the carboxylatemetal-oxide linkage. Moreover, oxidized spiro-OMeTAD and Li-TFSI molecules may dissolve in the aqueous solution. To improve the stability of the ss-DSSC in an aqueous environment, we used ALD to grow a conformal 2-nm-thick coating of TiO 2 over the exposed surface (ss-DSSC/ALD). The ss-DSSC/ALD cell shows enhanced stability in contact with an aqueous solution with slightly lower PV performance (5.6% and 16.4% drops in V oc and J sc , respectively, Fig. 3A, line 3 ) but a steady photocurrent of 2.38 mA cm −2 under short-circuit conditions (Fig. 3B ). Nyquist plots derived from EIS measurements of the ss-DSSC before and after ALD coating are shown in SI Appendix. The series resistance of the cell increases upon heating to the temperature of the ALD cycles, and more significantly when the TiO 2 coating is applied. The largest resistive component can be attributed to charge-transfer resistance at the spiro-OMeTAD/ TiO 2 interface.
Electrochemical Deposition of the IrO x Water-Oxidation Catalyst. To catalyze water oxidation, we electrochemically deposited an iridium oxide thin film on the Au layer. The Au layer in the ss-DSSC/ALD electrode was used directly as the working electrode (WE) at an applied bias of 1.2 V vs. Ag/AgCl. As water oxidation produced protons at the electrode surface, iridium oxide nanoparticles were formed in situ by acid condensation of soluble hydroxyiridate anions (21) . Consistent with previous observations, we saw an increasing current during the deposition process and the color of the electrode surface turned from gold to dark blue. We carried out the electrodeposition with a home-built mechanical stirrer operated close to the electrode surface because attempts to deposit a uniform IrO x film by this method failed when only a magnetic stir bar was used. An SEM image shows the thickness of the iridium oxide film deposited on Au to be about 76 nm (SI Appendix, Fig. S3 ). The catalyzed electrode is hereafter referred to as ss-DSSC/ALD/IrO x . The electrocatalytic performance of the deposited iridium oxide films was examined by using the Au layer as the WE. A cyclic voltammogram (SI Appendix, Fig. S4 ) shows typical redox peaks or shoulders for the Ir(IV)/Ir(III) and Ir(V)/Ir(IV) couples, and we obtained a surface coverage of 23.6 ± 2.1 nmol/cm 2 of electroactive Ir sites by integrating the Ir(V)/Ir(IV) wave. Fig.  4A (blue line) shows the corresponding linear sweep voltammogram (LSV). The electrode was found to be catalytically active and the overpotential required to drive water oxidation at a current density of 1 mA cm −2 was 0.27 V, which is comparable to reported overpotentials at the same current densities (19, 28) .
Photoelectrochemical Properties of Catalyzed Photoelectrodes. Water oxidation at back-side illuminated ss-DSSC/ALD/IrO x electrodes was characterized by linear sweep voltammetry by connecting the WE lead of a three-electrode cell to the FTO back contact. As shown in Fig. 4A (red line) , the photocurrent onset potential shifted cathodically by 0.67 V, which corresponds to the photovoltage provided by the ss-DSSC. At the formal potential for water oxidation (0.62 V vs. Ag/AgCl), the ss-DSSC/ ALD/IrO x electrode produced a steady photocurrent density of 1.43 mA cm −2 (Fig. 4B ). Lin and Boettcher (29, 30) have developed a dual-WE technique to understand the junction behavior of semiconductorelectrocatalyst (SC-EC) layers in photoelectrochemical cells. By making a direct electrical contact to the EC layer, its potential during operation can be monitored. Two types of junctions can be identified (Fig. 5A) . One is an adaptive SCjEC junction in which the EC is electrolyte/ion permeable. In this case, the extent of band bending at the SC surface depends on the potential of redox couples in the electrolyte and its Fermi level depends on the chemical potential of the EC (V EC ). The other extreme is a buried junction in which the EC effectively separates the SC from the electrolyte and V EC determines both the band bending and the Fermi level of the SC. By monitoring V EC when scanning V SC during LSV measurements, one would expect a linear relationship between V EC and V SC , with a slope of 1 or 0 for a buried junction or an adaptive junction, respectively (31) .
The Au layer in ss-DSSC/ALD/IrO x serves as a natural potential probe for the IrO x catalyst layer, and the ss-DSSC in ss-DSSC/ALD/IrO x electrode resembles an SC. By measuring the voltage between the FTO and Au contacts in the ss-DSSC/ALD/ IrO x electrode, we are able to monitor the catalyst potential (V cat ) change in situ during linear sweep voltammetry (Fig. 5B) . Interestingly, the potential profile appears to indicate that the ss-DSSC/ALD/IrO x electrode is an adaptive junction because the applied potential through FTO (V FTO ) changes V cat slightly, with a slope far from the value of 1 expected for a buried junction. However, we can still categorize our electrode as a buried junction toward photoelectrochemical water oxidation, because by relating the FTO potential change in Fig. 5B to the J-V curve in Fig. 3A (line 4) , we can reconstruct the LSV curves of the catalyst (Fig. 4A, blue squares) as well as that of the ss-DSSC/ALD/IrO x electrode under illumination (Fig. 4A , red squares; see SI Appendix, Table S2 ). This suggests that the ss-DSSC in ss-DSSC/ ALD/IrO x electrode retains its PTV performance. The difficulty that arises in interpreting the junction behavior from Fig. 5B arises from the poor semiconducting property of the ss-DSSC. As a result of the low fill factor of the ss-DSSC, external potential changes applied to the ss-DSSC/ALD/IrO x electrode will drop more in the ss-DSSC than at the IrO x -electrolyte interface so that their current densities match. For photoanodes prepared from Si solar cells with high fill factor, LSV curves under illumination are observed as shifting those measured with the corresponding catalyst layers in the anodic direction by a value close to the photovoltage of the buried solar cells (19) , because a very small drop in photovoltage is adequate to supply the current passing through EC-electrolyte interface.
We tested the stability of the oxygen-evolving photoelectrodes by applying a bias of 0.62 vs. Ag/AgCl for 1 h. As shown in Fig. 6 , the photocurrent is relatively stable, with 71.4% retention of the initial photocurrent at the end of the experiment. Slight discoloration of the photoelectrode was observed after the 1-h electrolysis, which suggests, although at a slower rate, that electrolyte can still penetrate into the ss-DSSC with the ALD coating. One explanation is that the pinhole-free ALD layer is disrupted by possible dynamic changes occurring at the ss-DSSC/ALD interface, as suggested by the low Faradaic efficiency described below.
A collector-generator (C-G) dual-WE method was applied to determine the Faradaic efficiency of O 2 production. In this experiment, oxygen produced at the generator surface diffuses steadily toward the collector electrode where it is reduced, and this produces a cathodic current in collector. By comparing the charges passed through generator (Q G ) and collector (Q C ), we can calculate the Faradaic efficiency (η) using η = Q C /(Q G × η c ) × 100%, where η c is the charge collection efficiency of C-G used to correct for diffusional losses of oxygen in the C-G cell; the latter was measured by using an iridium oxide/FTO electrode as the generator (SI Appendix, Fig. S5 ). The η of ss-DSSC/ALD/ IrO x electrode is 44.3 ± 6.5%. This value indicates that about half of the photocurrent arises from other sources, most likely oxidation of the hole-transport layer in an initial charging period.
The IPCE, which is an important parameter for photoelectrochemical cells, was also measured and is shown in Fig. 6 . An IPCE value as high as 22% was observed at 540 nm, which is among the highest values yet reported for WS-DSPECs. The spectra closely overlap with the UV-vis absorption spectrum of the N3 dye on a nanocrystallineTiO 2 film electrode.
It is worth noting that the N3 dye molecule used in this study, with the Ru(III)/Ru(II) formal potential of 0.88 V vs. Ag/AgCl (32) , is significantly less oxidizing than traditional light absorbers used for water oxidation. Sensitizers employed in WS-DSPECs require careful design of their redox properties in the excited state, such as introducing electron-withdrawing groups in Ru-polypyridyl (33) and porphyrin sensitizers (34) . The use of a buried junction bypasses this requirement by avoiding direct contact of the dye molecules with water. This in principle expands the gallery of sensitizers available for use in WS-DSPECs.
Conclusions
We have demonstrated that ss-DSSCs can be used in WSDSPECs to decouple the light absorption and water-oxidation processes. A thin-film TiO 2 coating applied to the ss-DSSC by ALD effectively stabilizes the solar cell for operation in aqueous solution, although the performance of the cell in air is not as good because of increased series resistance at the TiO 2 /hole-transport layer interface. Despite this performance loss, by electrodepositing an iridium oxide catalyst over the Au/TiO 2 layer, we realized a photocurrent density of 1.43 mA cm −2 at 1.23 V vs. reversible hydrogen electrode, with relatively good stability over 1 h. Faradaic efficiency determined by C-G method was 43% and an IPCE of 22% at 540 nm was measured. While the catalyst layer potential shifts slightly as the FTO potential changes (as in an adaptive junction), the potential profile under water-oxidation conditions is closely related to the current-voltage curve of the ss-DSSC, which suggests a buried photovoltaic junction. The fact that the potential drop occurs mostly within the ss-DSSC, rather than at the catalystelectrolyte interface as expected from a buried junction, is due to the poor photodiode properties of the solar cell as indicated by its low fill factor. The buried junction design of ss-DSSCs adds to our understanding of SC-EC junction behaviors in the presence of a poor semiconducting material.
This cell design addresses an important stability issue in WSDSPECs by physically separating the dye from the aqueous environment. Efficient charge separation in the ss-DSSC enables the ss-DSSC/ALD/IrO x electrode to oxidize water at a relatively high photocurrent density. Further improvements are likely to be obtained by optimizing the ss-DSSC fabrication process to increase the fill factor, and by doping of the TiO 2 layer to lower the series resistance at the hole-conductor interface. We have also demonstrated that the buried junction approach enables the use of sensitizers with lower oxidizing power in WS-DSPECs, perhaps opening the door to use of sensitizers that more efficiently harvest sunlight.
